The powerful antioxidant capacity of virgin argan oil is attributed to its content of antioxidant molecules. Recent investigations have identified CoQ 10 and melatonin as some of these antioxidant molecules. In this review, we summarize the most recent data about the content of CoQ 10 and melatonin in virgin argan oil and the differences found in samples extracted by the traditional and half-industrialized methods. We also emphasize the importance of these two molecules for human health, focusing on their actions in mitochondria. Finally, we refer to other abundant antioxidants in virgin argan oil: tocopherols and polyphenols.
NADH+H + and FADH 2 are produced by glycolysis, Krebs cycle, or -oxidation of fatty acids. Functionally, they are oxidized by the mitochondrial respiratory chain, transferring electrons from these precursors to O 2 . In C-IV, four electrons reduce one O 2 molecule producing two molecules of H 2 O. The electron transfer, through the components of the respiratory chain, releases a free energy, which is used by C-I, C-III and C-IV to pump protons from the matrix to the intermembrane space yielding a proton gradient (Δμ H + ) along the mitochondrial inner membrane. This proton gradient is a source of free energy that is dissipated when protons enter the inner mitochondrial membrane via the ATP synthase (C-V). During this process, ADP is phosphorylated to ATP, a high energy molecule consumed by many enzymes and numerous cellular processes [3] . Mitochondria can also dissipate energy as heat to maintain body temperature. This process is called thermoregulation uncoupling of respiration and phosphorylation. It is regulated, among other factors, by the uncoupling proteins (UCPs) [4] . The mitochondrial electron transport chain can partially reduce O 2 , resulting in the formation of O 2 _ •, H 2 O 2 , and HO• and corresponding to reduction by one, two, and three electrons, respectively. These molecules constitute the reactive oxygen species (ROS), which can be detoxified by the antioxidant defense system that include, among others, superoxide dismutase (SOD), glutathione redox cycle, catalase, CoQ and melatonin. Levels of ROS must be in equilibrium because they physiologically operate as cellular messengers, but they are also highly toxic in elevated concentrations, resulting in apoptosis and/or mitophagy [5, 6] . Additionally, recent findings have showed that NLRP3 inflammasome [7, 8] can be activated by mitochondrial ROS, suggesting an unexpected new function for these organelles in controlling the innate immune response [6, 9] . Specifically, ROS-induced NLRP3 inflammasome pathway activation yields to an overstimulation of the inflammatory response [10] . However, cells can remove ROS-producing dysfunctional mitochondria by a process called mitophagy [6, 9] . Consequently, therapeutic approaches that lead to the scavenging of ROS and the activation of mitophagy would inhibit the activation of the NLRP3 inflammasome [6] . Hence, mitochondrial functions are crucial for cellular development and survival, and their protection and maintenance involve complex processes that require diverse and well-coordinated regulatory pathways.
The importance of Coenzyme Q and Melatonin for mitochondrial function and homeostasis
Mammalian mitochondria possess CoQ and melatonin, two wellconserved molecules in the evolution which are critical for the mitochondrial function and homeostasis. Both CoQ and melatonin are endogenously synthesized in human cells, but a proportion of the content of both molecules in the human body is provided in the daily nourishment. CoQ is composed of a benzoquinone moiety and a polyprenoid chain whose length is variable. In humans, the major polyprenoid chain product is decaprenyl, producing CoQ 10 . Human cells also synthesize solanesyl, producing CoQ 9 , which seems to be especially important in brain and cerebellum. The functions of CoQ in mitochondria are based on its redox properties and lipophilicity. CoQ has a central role in the mitochondrial respiratory chain since it transports electrons from C-I and C-II to C-III and is essential for the stability of C-III [11] [12] [13] [14] . The transport of electrons is NPC Natural Product Communications 2013 Vol. 8 No. 1 
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performed through the Q cycle, and in this process CoQ can be presented in three forms depending of its redox state: ubiquinone (CoQ), ubisemiquinone (CoQH• _ ) or ubiquinol (CoQH 2 ) [11, 15] . Therefore, CoQ is a critical molecule for the production of ATP by mitochondria [11] . CoQH 2 also functions as a modulator of apoptosis by the regulation of the mitochondrial permeability transition pore [16] [17] [18] , and as an antioxidant, which protects the cells directly by preventing lipid peroxidation and indirectly by regenerating other antioxidants, such as ascorbic acid and tocopherols [12, 19] . Since CoQH 2 is oxidized during lipid peroxidation, reductive generation is a requirement for participation in antioxidative reactions. Hence, mitochondrial CoQH 2 is efficiently regenerated by the respiratory chain and is kept in a reduced state [20] .
In addition to the critical role of CoQ in the mitochondrial oxidative phosphorylation (OXPHOS) system and in the antioxidant defense machinery, some other cellular functions have been attributed to this quinone: a) CoQ would participate in the redox reactions of UCPs, which are involved in the thermoregulation. However, controversial results have been reported in that field [21] [22] [23] [24] ; b) CoQ is also a cofactor in the reaction catalyzed by the mitochondrial protein dihydrooratate dehydrogenase [25] . Orotate, the product of the reaction, is an intermediate of the de novo synthesis of the pyrimidines by conversion to ribonucleotide UMP, which can be converted in pyrimidine ribonucleotides and deoxyribonucleotides [25, 26] .
Similar to CoQ, melatonin is endogenously synthesized in a variety of tissues and organs [27] . It is concentrated by subcellular compartments including nucleus and mitochondria, the latter showing 20-40 times more melatonin than cytosol [28] . In mitochondria, melatonin has a direct antioxidant action by scavenging most ROS produced in these organelles. Melatonin has also an indirect antioxidant action by upregulating other antioxidant systems in the cell. Precisely, it has been reported that melatonin increases the expressions and activities of Manganese-dependent Superoxide Dismutase (Mn-SoD), Glutathione Peroxidase (GPx) and Glutathione Reductase (GRd), as well as gamma-glutamylcysteine-synthase, the enzyme required for GSH synthesis [29, 30] . These indirect actions of melatonin must be mediated by nuclear or membrane receptors [30] . Melatonin also increases the efficiency of the mitochondrial oxidative phosphorylation system, reducing electron leakage and, therefore, lowering free radical generation [29, 31, 32] . Another important action of melatonin is the reduction of iNOS expression and activity, which is especially relevant for the therapeutic benefits of melatonin in the treatment of sepsis or Parkinson Disease [29, [31] [32] [33] . Other diseases coursing with inflammation, oxidative stress and mitochondrial dysfunction have also showed improvements after experimental melatonin treatment [29] . It is interesting to note that low plasma concentration of CoQ 10 , CoQ 9 and melatonin, has been related with several disorders [12, 29] . Additionally, the contents of CoQ 10 , CoQ 9 and melatonin in peripheral organs are decreased during aging [12, 34, 35] . Therefore, exogenous intake of CoQ 10 , CoQ 9 and melatonin from rich CoQ 10 , CoQ 9 and melatonin nourishment and food supplements are important for human health [36] [37] [38] [39] [40] .
Argan Oil: a source of Coenzyme Q and Melatonin
Virgin argan oil possesses one of the highest antioxidant capacities among edible oils. Consequently, we recently looked for the presence of CoQ 9 , CoQ 10 and melatonin in virgin argan oil samples extracted by the traditional and half-industrialized methods [41] .
Our results showed that virgin argan oil represents a rich dietary source of CoQ 10 (Table 1) . However, extra virgin olive oil and virgin soybean oil showed higher CoQ 10 levels than virgin argan oil, as they have >50 mg CoQ 10 /kg oil, and they are considered to be very rich CoQ 10 sources. On the contrary, the presence of CoQ 9 was very limited (Table 1 ) and many samples showed undetectable levels of this ubiquinone form [41] .
Considering virgin argan oil as an edible oil, its content of CoQ 10 may contribute to the daily replacement of this vital molecule. Thus, after intake of virgin argan oil, CoQ 10 may be released from the stomach and absorbed along with other lipids as chylomicron particles in the small intestine, and then taken up by liver cells. In the liver, CoQ 10 is incorporated with lipoproteins and released into the blood [42] . However, in addition, CoQ 10 can also be released along with bile via the biliary tract and partially re-absorbed during a second pass through the small intestine. Because CoQ 10 is a lipid, it is better absorbed when taken with other lipids. Interestingly, oilbased preparations of CoQ 10 have been shown to increase its bioavailability. In plasma, CoQ 10 is almost totally associated with lipoproteins; it has high affinity for VLDL and LDL-cholesterol. Circulating CoQ 10 is taken up by peripheral cells and tissues. However, it has a low bioavailability to reach the mitochondrial respiratory chain, as demonstrated in CoQ 10 deficient fibroblasts [43] .
In our recent study, we quantified the levels of melatonin in virgin argan oil samples. Melatonin levels were higher than in extra virgin olive oil (Table 1) . However, melatonin levels in refined linseed oil and virgin soybean oil were higher than in virgin argan oil.
Ingested, melatonin must be absorbed by the gut and could slightly modify circulating levels of indoleamine. Since the concentration of melatonin in the blood correlates positively with its total antioxidant status, consuming melatonin-containing foodstuffs could increase the antioxidant capacity of the organism. Melatonin crosses both the placenta and blood brain barrier reaching target sites where it exerts biological activities. From the circulation, melatonin gets into every cell and into all subcellular compartments, including mitochondria [44] . 
Other antioxidants in argan oil
In addition to CoQ 10 and melatonin, virgin argan oil contains other antioxidants that contribute to its strong antioxidant capacity. Among them, tocopherols and polyphenols are the most important in terms of content and antioxidant activity. The determination of tocopherol levels in virgin argan oil by three independent research groups has shown that total tocopherol levels range between 427 mg/kg and 900 mg/kg (Table 1 ) [45] [46] [47] . Interestingly, the results of Cayuela et al. [47] suggested that argan oil extracted by the halfindustrialized methods may suffer thermal degradation of tocopherols and, consequently, argan oil extracted by the traditional method shows the highest total tocopherol level. In fact, Matthäus et al. [48] reported that the amount of tocopherols and tocotrienols in mechanically extracted argan oil generally ranges between 400 mg/kg and 775 mg/kg, while, during storage at 60°C, the total tocopherol content varies between 224 mg/kg and 457 mg/kg. Nevertheless, the total tocopherol content in virgin argan oil is, in general, higher than that of extra virgin olive oil, but lower than corn or soybean oil.
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As CoQ, tocopherols are lipophilic molecules present in the phospholipid bilayer of cellular membranes. Interestingly, there is convincing evidence that CoQ and α-tocopherol act in concert to scavenge ROS, particularly in the mitochondrial inner membrane. It has been proposed that α-tocopherol may directly react with lipid peroxyl radicals to form α-tocopheroxyl radicals, which are then reduced by CoQ to regenerate α-tocopherol, a phenomenon that has been referred to as "sparing/regeneration" [49] . While the interaction of CoQ with other tocopherols has not been investigated, similar reactions can be expected. Therefore, tocopherols and CoQ contained in the argan oil may act together in the scavenging of ROS generated by human mitochondria.
Polyphenols contained in virgin argan oil are also important antioxidants, acting as free radical scavengers. Marfil et al. [45] applied the Folin-Ciocalteu method to evaluate the total amount of phenolic compounds present in virgin argan oil. They reported a range of 6.1-152.0 mg of gallic acid equivalents (GAE)/kg ( Table  1 ). The high variability between different samples could be explained by the influence of genetic, environmental, and technological factors, such as seed roasting temperature and time, the amount of water added during the oil extraction process, and storage conditions. The polyphenol content of virgin argan oil seems to be lower than that of virgin olive oil but higher than that of other edible vegetable oils, such as sunflower or corn oil [50] [51] [52] . To date, the phenolic components identified in virgin argan oil are caffeic, vanillic, ferulic, syringic, and p-hydroxybenzoic acids, and oleuropein, whose aglycone strongly reduces breast cancer cell viability [53, 54] . Most beneficial effects of polyphenols for human health have been attributed to their capacity to counteract the effects against the oxidative damage involved in neurodegenerative diseases, diabetes, dementia and muscular degeneration [53] .
Concluding remarks
Due to its high antioxidant capacity, interest in virgin argan oil for human health has been increasing in recent years. In this regard, the detection of CoQ 10 and melatonin as components of virgin argan oil is especially important because these compounds are essential for the redox equilibrium of human mitochondria. In addition, the future discovery of new antioxidants in virgin argan oil will help to understand the contribution of each one to the high antioxidant capacity of virgin argan oil. Moreover, experimental and nutritional studies are necessary to evaluate whether virgin argan oil, as edible oil, may be protective against oxidative stress-related diseases.
Acknowledgments -This work was partially supported by grants from the Marie Curie International Reintegration Grant Programme (COQMITMEL266691) within the seventh European Community Framework Programme, from Ministerio de Economía y Competitividad, Spain (SAF200908315), and from the Consejería de Economía, Innovación, Ciencia y Empleo, Junta de Andalucía (P07CTS03135, P10CTS6133, and CTS101). LCL is supported by the "Ramón y Cajal" National Programme, Ministerio de Economía y Competitividad, Spain (RYC-2011-07643). MLS is a predoctoral fellow from the Consejería de Economía, Innovación, Ciencia y Empleo, Junta de Andalucía.
